Abstract A full-scale plant of an MBR system treating livestock wastewater has shown impressive results. The Cheorwon County Environmental Authorities adopted the MBR process with UF membrane for retrofitting the old plant, which removes organic matter, nitrogen and phosphorus at a high level. According to 6 months operation data, BOD and SS removal were about 99.9% and COD Mn , TN and TP removal were 92.0%, 98.3% and 82.7%, respectively. It is considered that the temperature at the bioreactor has to be controlled to be below 40 8C so as to ensure sufficient nitrification. It appeared that the MBR system is competitive with other conventional technologies for treatment of livestock wastewater such as piggery waste.
Introduction
In Korea, there are about 40 full-scale plants in operation for livestock wastewater and 30 new plants are planned to be built hereafter. However, as the enlargement of capacity at livestock farming and the change for form of barn, which are derived from the environmental changes of economics, have been led to not only ascend the design inflow concentration of wastewater, but also to need the advance treatment of facility for obtaining its stability. Since 1997, Genix engineering has adopted the Nix-MBR w -HT, which is an MBR process for high strength wastewater such as livestock and night soil.
The Cheorwon County Environmental Authorities (CCEA) operated the livestock wastewater plant, which receives & discharge from pigpen facilities in and around Cheorwon County area. The original process consisted of 5-staged trains, which are centrifuges such as: pretreatment; anaerobic digestion, ammonia stripping and chemical precipitation as primary treatment; biological process of A 2 O and settling basin as secondary treatment; biological process using particular microorganism and settling basin as tertiary treatment; sand filtration and carbon contactor as final treatment. However, this original process was unable to meet the limits set in a revised discharge permit for a streamlet and was changed to the new process for retrofitting of the treatment facility.
Compared to conventional wastewater treatment, the MBR process offers several advantages. The membrane is an absolute barrier to suspended solids and thus offers the possibility to operate the system at high sludge concentration. The process can also be run at long sludge retention times, in favour of the development of slow-growing microorganisms which leads to better removal of refractory organic matter and better efficiency of nitrification (Tazi-Pain et al., 2002) . And this technology offers high effluent quality, complete disinfection, high reliability compactness and minimized sludge production (Urbain et al., 1996) . The high level of mixed liquor suspended solids (MLSS) effectively achieves nitrification and denitrification without the need for extended aeration (Davies et al., 1998) .
In selecting the upgrade treatment process, the CCEA has a special consideration for several key parameters, including: the efficiency of treatment, the ease of operation and maintenance, and the reduction of operation cost. The CCEA selected the Nix-MBR w -HT process as the main treatment to upgrade the existing plant in 2001, capable of removing high percentages of organic matter, nitrogen, phosphorus, and so on. To improve the plant, the new treatment process trains were determined, such as centrifuges as pretreatment; dissolved air flotation as primary treatment; Nix-MBR w -HT process as secondary treatment; advanced oxidation process for eliminating the residual COD and color as tertiary treatment; sand filtration and carbon contactor as final treatment. This paper will give priority to the MBR process and describe the data of operation, efficiency of performance, and operation cost, respectively.
Materials and methods
The Nix-MBR w -HT process comprises a 4-stage biological treatment with a membrane separation, as shown in Figure 1 . A pressurized external type tubular membrane module was adopted and the membrane unit can be independent of the bioreactor. The bioreactor consists of anoxic-oxic-intermittent oxic-oxic trains, which aim to remove the nitrogen, phosphorus and organic compounds from the livestock wastewater. The membranes were made of polysulfone with a molecular weight cut off (MWCO) of 30 kDa; the effective surface area of the membrane was 0.5 m 2 . The ultrafiltration unit, which is external to the bioreactor, consists of ten loops in parallel, each having eight modules in series. Each module contains seven tubular elements with an inner diameter to 13.3 mm and these tubular membranes are held in a stainless steel housing. The cross-flow velocity to prevent the fouling and design flux varies from 2.5 to 3.5 m/s and 30 to 40 L/(m 2 hr), depending on the characteristics and concentration of wastewater. Cross flow operation enables in-situ cleaning with either clean water or chemical cleaning agents.
For the retrofit of plants, the five-bioreactor tanks were newly built to meet the supplementation for increasing the volume of the reactor. The plant has a maximum treatment capacity of 200 m 3 /d. The Hydraulic Retention Time (HRT) at maximum flow of anoxic, oxic, intermittent oxic and oxic reactors is 5.3, 3.3, 5.9, and 4.2 days, respectively, while the internal recycle ratios of #1, #2, and #3 varied from 860% to 1,060%, and maintained at 150% and 100%, respectively. A total of 6 membrane units were installed in the building of the membrane and they operated under an inside-out filtration mode. The MLSS at bioreactor was supplied into the membrane unit after screening through a 0.75 mm rotating disc screen. During the operation, the MLSS varied between 4,040 and 11,100 mg/L at the bioreactor, and the temperature at bioreactor varied from 25.3 8C to 40.2 8C. The solid retention time (SRT) ranged between 24 and 61 days. The analytical methods from Standard Methods (1998) were adopted for the measurement of most analytical items, such as biological oxygen demand (BOD), suspended solid (SS), total nitrogen (TN), and total phosphorus (TP), respectively, while the chemical oxygen demand based on manganese(COD Mn ) was determined by using the analytical methods from Korean Standard Methods (Ministry of Environment, 2000) .
Results and discussion
The re-operation after retrofit was started in January 2002 and the plant has been operating to the normal condition up to now. During the operation, as the analyses were done, the effluent quality of the Nix-MBR w -HT process was stable and excellent. Inflow rate into the MBR system varied, which was related to the irregular collection system, and led to about 163 m 3 /d on average. The influent wastewater, i.e. piggery waste, characteristics, which was fed through primary treatment with dissolved air floatation, were monitored and are shown in Table 1 The important factors to be considered for the nitrogen removal are SRT, temperature and C/N ratio, i.e. BOD/TN ratio. In relation to above factors, the nitrification rate generally varied with availability of alkalinity, organic and nitrogen loads, temperature and others (Choi et al., 2003) . The temperature of the bioreactor in the summer season was generally elevated to about 50 8C by the large amount of heat released from the microbial reaction in the organic load should be lower down so as not to increase the reactor temperature higher than 35 8C to avoid nitrification inhibition (Choi and Eum, 2001) . Accordingly it needs heat control to get a sufficient nitrification rate without a cooling facility. The control of MLSS concentration at the bioreactor was chosen as a solution, resulting in the temperature of the bioreactor in the summer season being maintained below 40 8C.
Since the temperature at the bioreactor was controlled, the nitrification rate gained about was 99.5% in spite of the variations of inflow TN concentration. This result can be explained either by the complete retention of nitrifying bacteria at the bioreactor due to membrane separation or by the long retention time and the high temperature (Shammas, 1986) . Figure 3 represents the nitrification rate obtained at different temperature of bioreactor. Consequently, it is considered that the temperature at bioreactor has to be controlled below 40 8C to ensure sufficient nitrification. The SRT should be long enough for the nitrifiers to grow up, and the MBR system can generally be operated at long SRT due to lack of washout of biomass at the bioreactor (Stephenson et al., 2000) . Nevertheless, the SRT in the treatment of piggery waste will effectively be controlled to ensure the activity of biomass. The control of MLSS, as mentioned above, led simultaneously to the optimal control of the bioreactor in terms of the SRT in order to maintain the adequate temperature at the bioreactor.
In addition, BOD/TN ratio must be high enough to denitrify the nitrogen to be nitrated. While the high nitrogen was loaded at a relatively low BOD/TN ratio, varying from 2.8 to 5.2, TN removal rate ranged from 97.4% to 99.0%. It is appeared that the BOD/TN ratio had little effect on the nitrogen removal rate in the range of above condition.
Therefore, it can be concluded that the nitrogen removal rate depends upon the components of organic matter in relation to readily biodegradable BOD such as volatile fatty acids in spite of the BOD/TN ratio playing an important role in nitrogen removal. The trend of TN removal rate is shown in Figure 4 .
The membrane performance will be dependent on the biological performance, and the nature of the activated sludge often dictated the membrane performance (van der Roest et al., 2002) . Through experience of operation, it was known that the phenomenon of over-aeration at oxic #2 tank brought about poor sludge characteristics, such as a bad floc structure and rather low SVI, which can then be related to fouling. Adopting the dissolved oxygen control with lower aeration intensity eliminated the problem connected with aeration. In the meantime, the permeate flux varied in from 47.7 to 27.5 L/(m 2 hr) at an average trans-membrane pressure (TMP) of about 2.1 bar during the continuous 6 months operation. The variation of the flux was influenced by the temperature, the floc structure of sludge and membrane fouling. Figure 5 shows the trends of permeate flux and TMP. The membrane systems were operated individually in accordance with the variation of inflow rate. In order to remove the cake, composed mainly the bristle of pig as well as sludge, physical cleaning such as jet stream was periodically performed, which brought about an elevation in the permeate flux. The chemical cleaning of membrane with sodium hypochlorite was conducted 3 times for 6 months operation. For consistent operation of the membrane system, we consider that it needs a new method such as an additive screening to reduce the clogging of membrane elements. The tubular membrane system installed in the building of membrane is shown in Figure 6 .
As concerns an economics evaluation, tubular membrane systems are quite energy intensive and while they are favourable for very concentrated feed such as night soil their economics are unlikely to be attractive for domestic sewage (Davies et al., 1998) . However, the tubular membrane system for livestock wastewater treatment has a sufficient role to overcome the power cost, and that cost for the operation of membrane filtration accounted for no more than 30% of the overall power cost. The expected life of the membranes will be in excess of 3 years, based upon the operational data and experience up to now. In general, a major factor preventing the widespread application of MBR are capital and an operating costs (Stephenson et al., 2000) . However, it is considered that the application of MBR, in the fields of piggery wastes in Korea, is competitive against other processes. After the retrofit of the plant, it is estimated that the whole running cost, including manpower, chemicals, power, membrane replacement, and other overheads, is about 34,000 Korean Won/m 3 (US $28/m 3 ), while that before the retrofit of the plant was , and the other overheads (12.9%), respectively. It is predicted that the running cost will gradually reduce in future.
Conclusions
The following conclusions could be drawn from the operation of full-scale plant. During the operation of 6 months, the average BOD, COD Mn , SS, TN and TP removal rates were about 99.9, 92.0, 99.9, 98.3 and 82.7%, respectively. The MBR system has shown to be reliable against the inflow variation. Therefore, it appeared that the MBR system is competitive with other conventional technologies for the treatment of livestock wastewater, such as piggery wastes.
The control of MLSS concentration at the bioreactor was chosen to get a sufficient nitrification rate without a cooling facility, resulting in the temperature of the bioreactor at summer season being maintained below 40 8C. Since the temperature at the bioreactor was controlled, the nitrification rate gained was about 99.5% in spite of the variations of inflow TN concentration.
Though the C/N ratio, i.e. BOD/TN, was an important factor to be considered for successful nitrogen removal, the nitrogen removal rate depended upon the components of organic matter in 2 relation to readily biodegradable BOD such as volatile fatty acids.
